The effect of dietary phytate and phytase on carbohydrase activity and hexose transport was investigated in broiler chickens. Diets containing phytate P (2.2 or 4.4 g/kg) with different phytase dose rates (0, 500, or 1,000 phytase units/kg) were fed to 504 female Cobb chicks for 3 wk. Diets containing high phytate concentrations depressed (P < 0.05) BW and G:F, whereas phytase supplementation improved (P < 0.05) the performance of birds. In the duodenum, phytate decreased (P < 0.05) the activities of disaccharidases, Na + K + -ATPase, and glucose concentrations by 5 to 11%, but phytase enhanced (P < 0.05) the concentrations of amylase, sucrase, maltase, Na + K + -ATPase, and glucose by 5 to 30%. In the jejunum, phytate decreased (P < 0.05) the concentrations of amylase, sucrase, Na + K + -ATPase, and glucose by 10 to 22%, and phytase alleviated the negative effect of phytate on the above variables. Ingestion of diets containing phytate also decreased (P < 0.05) serum amylase activity and glucose concentration, and phytase enhanced (P < 0.05) serum concentrations of amylase, sucrase, maltase, Na + K + -ATPase, and glucose. There were also interactions (P < 0.05) between phytate and phytase on the concentrations of serum amylase, duodenal amylase, sucrase, and jejunal glucose. Enzymatic analysis at a molecular level showed that neither phytate nor phytase influenced the mRNA expression of sucraseisomaltase in the small intestine. Also, the investigation into the sodium glucose cotransporter gene may challenge the mechanism by which phytate interferes with glucose utilization, as partly indicated by bird performance, and transmembrane transport because diets containing increased phytate upregulated (P < 0.05) the mRNA expression of the sodium glucose cotransporter gene in duodenum and did not influence it in the jejunum. These results indicate that phytate can impair endogenous carbohydrase activity and digestive competence, and phytase can ameliorate these effects for chickens.
INTRODUCTION
The effects of dietary phytate and phytase on the performance and nutrient digestibility of intensively farmed livestock have received considerable attention in the scientific literature. Recent evidence demonstrated that the ingestion of phytate can have substantial adverse effects on endogenous secretion and energy utilization in chickens (Cowieson et al., 2004 (Cowieson et al., , 2006 Ravindran et al., 2006; Cowieson and Ravindran, 2007; Liu et al., 2008) . Although increased endogenous AA losses with the ingestion of phytate will influence the energy value of poultry diets, it may be of greater direct significance that phytate can reduce amylase activity and starch digestion in vitro (Cawley and Mitchell, 1968; Knuckles and Betschart, 1987) and in vivo (Dilworth et al., 2004) , and modify the activity of intestinal Na + K + -ATPase (Dilworth et al., 2005) . It is reported that elevated dietary sugar concentrations induced increases in the expression of sucrase-isomaltase (Miyamoto et al., 1993) and sodium glucose transporter-1 (SGLT-1; Kishi et al., 1999) in the rat jejunum. The evidence that dietary phytate interferes with sugar digestion and blood glucose in rats (Dilworth et al., 2004) and mice (Lee et al., 2006) leads to the hypothesis that antinutritional factors capable of altering nutrient utilization Effect of diet containing phytate and phytase on the activity and messenger ribonucleic acid expression of carbohydrase and transporter in chickens might regulate associated gene expression. Further, it has been recently established that phytate and phytase may influence the partitioning of Na, perhaps mediated via hypersecretion of NaHCO 3 in response to increased concentrations of dietary phytate, which are partially ameliorated by phytase (Cowieson et al., 2004; Ravindran et al., 2008) . Given that these extra-phosphoric effects are not well understood, the current study was designed to assess the effect of dietary phytate and phytase on the activity of amylase, sucrase, maltase and Na + K + -ATPase, glucose, and the mRNA expression of sucrase-isomaltase and SGLT-1 in the intestine and serum of chickens.
MATERIALS AND METHODS
All procedures were approved by Gansu Agricultural University Institutional Animal Care and Use Committee.
Treatments
The experiment used a 2 × 3 factorial arrangement of treatments based on corn-soybean meal diets with 2 concentrations of phytate P (2.2 or 4.4 g/kg of diet, asfed basis), and the addition of Escherichia coli-derived phytase (Phyzyme XP, Danisco Animal Nutrition, Wiltshire, UK) at 0, 500, or 1,000 phytase units (FTU)/kg diet (as-fed basis). The low and high phytate diets contained the same nutrient specification, differing only in the concentration of dietary phytate P (Table 1) . Rice bran and corn germ meal were used to regulate phytate P concentrations.
Bird Management
A total of 504 female Cobb chicks (1 d of age) were randomly allocated into 6 treatments, each of which had 6 replicates of 14 chicks per replicate. All chicks were raised in 3-layered cages and given ad libitum access to diets and water, continuous lighting, and controlled ventilation. Temperature was maintained at 32°C for the first 5 d and then gradually reduced according to normal management practices until a temperature of 25°C was achieved at d 21. Body weight and diet consumed per cage basis were recorded weekly to monitor the performance. At 7 d of age, the chickens were inoculated with Newcastle disease virus and infectious bronchitis vaccine (Yikang Biological Products Corp., Liaoyang, China) by intranasal and intraocular administration.
Sampling
At 21 d of age, 3 chickens with average BW from each replicate were selected. Before sampling, the birds were offered diets and water as usual without fasting, considering that phytate with diet ingestion may influence the activity of digestive enzymes. Blood was obtained from each chick by cardiac puncture, and serum was prepared as described previously (Liu et al., 2008) and stored at -20°C. Birds were then killed by cervical dislocation. The duodenum and jejunum were excised and flushed with 0 to 4°C NaCl solution (0.15 M), and fragments (1 cm) at the middle of duodenum or jejunum were collected, combined by replicate, frozen in liquid nitrogen, and kept at -70°C for mRNA assay. The lumen of the duodenum or jejunum was cut longitudinally to expose brush border cells. Mucosa was gently scraped off with a glass microscope slide and pooled by replicate. Each mucosal sample was homogenized (1:4, wt/vol) with 0 to 4°C NaCl solution (0.15 M) and then centrifuged at 8,000 × g for 3 min at 4°C; the supernatant was immediately frozen in liquid N and kept at -70°C until analysis. The pooling of samples (except for serum samples) by replicate is a means of normalizing the individual differences in enzyme activity and gene expression analysis.
Protein Concentration
After thawing, an aliquot mucosal supernatant was taken for protein determination using the method of Folin and Ciocalteu's phenol (No. F9252, Sigma-Aldrich, Bellefonte, PA; Lowry et al., 1951) . Working standards were prepared using dilute solutions of BSA (No. P0914, Sigma-Aldrich). The absorbance was read at 545 nm on a semi-auto biochemical analyzer GF-D600 (Nanjing T-Bota Scietech Instruments and Equipment, Nanjing, As described by Liu et al. (2008) .
Phytate and endogenous enzyme activity China). The protein concentration was expressed as milligrams per milliliter of mucosa supernatant.
Amylase Activity Assay
The activity of amylase (EC 3.2.1.1) was determined by the iodine-starch method (Gitlitz and Frings, 1976) . After 0.5 mL of 0.4 mg/mL of soluble starch substrate (No. S9745, Sigma-Aldrich) was preheated for 5 min at 37°C; 10 mL of mucosal supernatant was added. The mixture was incubated for 30 min at 37°C, and 0.5 mL of 10 mM iodine solution and 3.0 mL distilled water were added and mixed for reading the absorbance value at 660 nm. One amylase unit is defined as the amount of enzyme that was required to hydrolyze 10 mg of starch in 30 min at 37°C. Amylase activity in serum or mucosa was expressed as micromoles per milliliter of serum or per milligram of mucosal protein.
Disaccharidase Activity Assay
The activities of sucrase (EC 3.2.1.48) and maltase (EC 3.2.1.20) in the serum and intestine were detected based on the method by Dahlqvist (1984) . Briefly, 0.1 mL of serum or mucosal supernatant incubated with 0.1 mL of 56 mM disaccharide substrate (sucrose or maltose) in 25 mM malate buffer at pH 6.4 for 30 min at 37°C. The disaccharidase activity is then stopped by the addition of Tris. The method of measuring Na + K + -ATPase (EC 3.6.1.3) was identical to the description by Whealty and Hentry (1987) . Briefly, phosphate liberated from ATP-Na 2 (No. A7699, Sigma-Aldrich) by each sample was measured in 2 media: medium I (all ATPases system) had optimum concentrations of all ions, containing 0.1 mL of enzyme sample, 0.2 mL of buffer solution (200 mM NaCl, 40 mM KCl; 12 mM MgCl 2 , and 50 mM Tris-HCl, pH 7.8); medium II (Na + K + -ATPase restrained system) lacked K and contained 0.1 mL of enzyme sample and 0.2 mL of buffer solution (240 mM NaCl, 12 mM MgCl 2 , 50 mM Tris-HCl pH 7.8, and 10 mM ouabain, which was added to prevent stimulation of Na + K + -ATPase by K + present in the samples). After incubation at 30°C for 5 min, the 2 media 0.1-mL solutions (60 mM ATP-Na 2 ; 50 mM Tris-HCl pH 7.8) were added and then were incubated again in the 30°C water bath for 30 min. The reaction was stopped by adding 0.4 mL of 30% cold trichloroacetic acid. Phosphorus concentrations of the 2 media were measured using the method of phosphomolybdic blue (Fiske and Subbarow, 1925) . The activity of Na + K + -ATPase was calculated as the difference between phosphates liberated by each homogenate in the 2 media and was expressed as micromoles of phosphates per milligram homogenate protein or per milliliter of serum per hour.
Messenger RNA Quantification
The mRNA expressions of sucrase-isomaltase (EC 3.2.1.48) and SGLT-1 in duodenum and jejunum were analyzed by real-time PCR. In brief, total RNA from pools of 3 chickens per replicate was prepared using RNAiso reagent (TaKaRa, Dalian, China). After removal of potential contaminating DNA using DNase I (Ambion, Austin, TX), the extracted RNA pellets were reverse transcribed using M-MLV RTase cDNA Synthesis Kit (TaKaRa). Primers were designed according to the reported sequences (Table 2) . Primer specificity was checked by systematic sequencing of PCR products. Quantification of different mRNA was performed on iCycler iQ Real Time PCR Detection System (BioRad, Hercules, CA) using SYBR Premix Ex Taq (TaKaRa). The quantification of mRNA expression was normalized to β-actin.
The cycling conditions of genes were 94°C for 2 min followed by 30 cycles of 94°C for 30 s, 54°C for 30 s, 72°C for 1 min, and final extension of 72°C for 10 min. All postrun data were analyzed using iCycler software. The melt curves were used to monitor product specificities. Plasmids prepared from sample amplicons were diluted in 5-fold dilution steps covering the expected detection range of target genes and reference gene for generating standard curves. Samples and plasmids were simultaneously assayed in duplicate. 
Statistical Analysis
The experiment was a 2 × 3 factorial arrangement (n = 6 for mucosa and gene expression samples, n = 18 for serum samples) with dietary phytate P and phytase dose rate being the main factors. A general linear model was used to assess the effect of dietary phytate and phytase and their interaction (SAS Inst. Inc., Cary, NC). Differences of initial copies of target genes normalized to β-actin copies were separated using Duncan's multiplerange test at P < 0.05 level of significance. Values in the tables were means and pooled SEM.
RESULTS
The chickens were healthy throughout the experiment with a mortality of <2% that was unrelated to dietary treatment. Supplementation with phytase improved (P < 0.05) feed intake, BW, and G:F of birds (Table 3) , but no differences were found between phytase at 500 and 1,000 FTU/kg of feed. Birds fed the diet with a high phytate concentration had lighter BW and poorer G:F than those fed on the low phytate diets (P < 0.05). No interaction between phytate and phytase was detected on the performance variables of birds.
In the duodenum, diets containing high phytate depressed (P < 0.05) the activity of sucrase, maltase, and Na + K + -ATPase by 11, 5, and 6%, respectively (Table  4) , but phytase increased (P < 0.05) the activity of amylase, sucrase, maltase, and Na + K + -ATPase by 23, 5, 6, and 23%, respectively. Diets high in phytate reduced (P < 0.05) glucose concentrations by 13% and phytase elevated (P < 0.05) mucosal glucose by 30%.
In the jejunum, diets containing high phytate inhibited (P < 0.05) the activity of amylase, sucrase, and Na + K + -ATPase by 6, 6, and 4%, respectively (Table   4 ), but the activity of maltase was not influenced by phytate. The addition of phytase resulted in an increase (P < 0.05) in the activity of carbohydrases and Na + K + -ATPase by 10 to 16%. Mucosal glucose concentration was also reduced (P < 0.05) by 22% in diets containing high phytate and increased by 32% in diets supplementing phytase. There was no effect of increasing phytase dose from 500 to 1,000 FTU/kg in the jejunum.
Birds fed the diets with a high phytate concentration had decreased (P < 0.05) serum amylase activity and glucose concentration (Table 5 ) compared with those fed a low phytate diet. There was an interaction (P < 0.05) between phytate and phytase on the serum amylase with a decreased phytase effect with dietary phytate increasing. No effect of phytate on the activities of serum sucrase, maltase, and Na + K + -ATPase was observed. However, supplementing phytase elevated (P < 0.05) the serum carbohydrases, Na + K + -ATPase, and glucose, compared with the control, but increasing phytase dose rate from 500 to 1,000 FTU/kg did not further increase these variables. A decrease (P < 0.05) in blood glucose in diets containing high phytate concentrations resulted from the decreases in the activity of amylase, disaccharidase, and Na + K + -ATPase, with fewer products of carbohydrate digestion being formed and absorbed.
The main effect analysis showed that neither phytate nor phytase influenced the mRNA expression of sucrase-isomaltase gene in either the duodenum or jejunum (Table 6 ). Diets high in phytate upregulated (P < 0.05) the mRNA expression of SGLT-1 in the duodenum, but phytase supplementation did not affect the expression of transporter in the observed portions of small intestine. In addition, there was no interaction between dietary factors on the gene expressions of sucrase-isomaltase or SGLT-1 in the intestine. Means without a common superscript within a column differ (P < 0.05); NS (nonsignificant) = P ≥ 0.05. 
DISCUSSION
In this study, the basal diets were intentionally formulated with a low nutrient density compared with NRC (1994) to accommodate the expected effects of the exogenous phytase used (Shelton et al., 2004; Liu et al., 2007) . The application of phytase in these diets improved feed intake, BW gain, and G:F, which is in agreement with previous work (Cowieson and Adeola, 2005; Selle and Ravindran, 2007) . The birds fed on the control diets had poorer BW gain and G:F than those fed on diets containing phytase. This is intuitive and is likely associated with limited available P in the control diet reducing feed intake and compromising BW gain. Further, the relatively poor performance and decreased digestive enzyme activity of birds fed diets without supplemental phytase may be partially explained by a poorer nutrient digestion and absorption in the intestine. Birds fed on the diet with a high phytate concentration had reduced BW gain and G:F than those fed on the low phytate diet, which is further evidence of the potent antinutritive effects of phytate (Cowieson et al., 2004; Ravindran et al., 2006) .
It has been reported that phytate is capable of depressing enzymatic digestion in vitro (Singh and Krikorian, 1982; Deshpande and Ceryan, 1984; Knuckles and Means without a common superscript within a column differ (P < 0.05); NS (nonsignificant) = P ≥ 0.05. Means without a common superscript within a column differ (P < 0.05); NS (nonsignificant) = P ≥ 0.05. Liu et al. Betschart, 1987; Knuckles, 1988) and in vivo (Dilworth et al., 2004 ). The underlying mechanisms by which phytate inhibits the activity of digestive enzyme in the gastrointestinal tract of animals include chelation with co-factors required for optimum enzyme activity, binding the digestion products, as well as forming phytateprotein complexes at pH below the isoelectric point of proteins (Cawley and Mitchell, 1968; Katayama, 1997) . In this study, birds fed the diets containing high phytate concentrations had a reduced activity of endogenous carbohydrase, indicating that a decrease in intestinal enzyme activity by phytate may result in more nutrients passing through the digestive system unabsorbed.
Alpha-amylase from exocrine pancreas or enterocytes enters the intestinal lumen in an active form to catalyze hydrolysis of α 1 to 4 glycosidic bonds in starch and dextrin. The end products of starch digestion by amylase are maltose, maltotriose, and α-limit dextrin. The decrease in the jejunal activity of amylase caused by dietary phytate in this study indicated that the digestibility of starch may be depressed. Similar results have been reported that phytate significantly decreased the activity of amylase in the lower intestine in rats, but not for the proximal segment (Dilworth et al., 2004) . Furthermore, amylase activity was significantly compromised by phytate in model systems (Deshpande and Ceryan, 1984; Knuckles and Betschart, 1987) , which may be caused by the chelation of Ca, a necessary cofactor for the stability and optimal functioning of amylase in the intestine. Because phytic acid can decrease Ca balance in chickens (Simons et al., 1990) , phytate may either impair amylase stability or activation, or regulate the process of digestion by binding to digestion products. Additionally, it is evident that amylase secretion and its concentration in the intestine and serum can be influenced by the dietary amount of carbohydrate and protein (Messiha and Watson, 1989) , so in this study, dietary phytate and phytase modified nutritional status in the intestine, which may be in part responsible for the alteration in secretion function of acinar cells and subsequently enzymatic level of intestine and serum.
After the action of amylase, completion of starch digestion is catalyzed by saccharidases attached to the brush border of the small intestine. Maltase breaks down maltose and maltotriose to glucose, and isomaltose is hydrolyzed to glucose by isomaltase. In this study, the decreased maltase activity in the duodenum of birds fed the high phytate diets may indicate that liberation of glucose from dextrin is compromised by phytate ingestion. Further, the concentration of glucose in the intestine and serum was also decreased by dietary phytate, which may be a consequence of the inhibition of brush border enzyme activity in this study. Dilworth et al. (2004) reported that blood glucose concentrations in rats fed phytic acid extract from sweet potato or commercial phytic acid were numerically but not statistically reduced. Beneficially, in this study, phytase enhanced the blood glucose concentrations by 32%, for which there is a similar report that phytase significantly increased the blood glucose concentration by 21% in commercial pigs (Kies et al., 2005) .
The inhibition of sucrase activity by phytate in both the duodenum and jejunum in this study was of interest. Sucrose is the most important dietary disaccharide and extensively exists in vegetable foods (Somogyi and Trautner, 1974) . Brush border sucrase is involved in the hydrolysis of sucrose to fructose and glucose. Katayama (1997) reported that dietary phytate can protect sucrose-fed rats against an accumulation of he- patic lipids due to the depression in the conversion of sugar to lipid in the body. Also, Onomi et al. (2004) reported that rats fed a high-sucrose diet with 0.02 to 10% Na phytate had reduced formulation of hepatic and serum lipid. However, Dilworth et al. (2005) reported that there was no significant change in the activities of intestinal disaccharidases in Wistar rats fed diets enriched with phytic acid, though dietary phytate significantly reduced blood glucose concentrations. Phytate contains a total of 12 dissociable protons with pK a values from 1.5 to around 10 (Angel et al., 2002) . The least pK a values correspond to the dissociation of the first proton from each of the 6 phosphate groups with pK a value increasing as each subsequent proton dissociates. The low pK a of phytate, especially in a fully protonated form, as well as the release of phosphate anions by phytase, may be contributory factors in the increased secretion of Na into the gastrointestinal tract as a buffer. Cowieson et al. (2004) speculated that phytate induced the movement of Na into the gut lumen to buffer this polyanionic molecule. Additionally, the entry of acidic chyme into the duodenum stimulates Ca, Na, and K secretion from the gallbladder, pancreas, and mucosa (Ruckebusch et al., 1991) . It seems feasible that, if phytate can increase endogenous Na secretion into the lumen, Na may become limiting for nutrient transport functions in instances of marginal Na provision. It is possible, therefore, that phytate may decrease acid-base homeostasis and compromise Na-dependent transport mechanisms involved in the intestinal uptake of glucose as well as AA (Gal-Garber et al., 2003; Ravindran et al., 2008) . Indeed, in this study the effect of phytate on the activity of Na-dependent transporters was particularly marked. Absorption processes of nutrients in the intestine are mainly driven by Na + K + -ATPase that generates a Na + and K + concentration gradient and electric potential difference, allowing the absorption of various molecules (Schultz et al., 1974; Mandel and Balaban, 1981; McBride and Kelly, 1990) . Increased Na + K + -ATPase activity has been shown to improve glucose translocation across the cell membrane by creating an inward Na + gradient (Kies et al., 2005) . It is reported that the activity of Na + K + -ATPase in lower intestine was significantly reduced in Wistar rats fed diets with added phytic acid compared with controls (Dilworth et al., 2005) . Apart from the effect of Na, the lack of other electrolytes including P and K resulted from phytate mineral chelation or diet-deficient P necessary to promote energy synthesis may result in a decrease in the bioactivity of Na + K + -ATPase. Glucose, as the major monosaccharide available for absorption from most practical diets of farm animals, is subjected to carrier-mediated transfer through the brush border membrane by SGLT-1 (Wright, 1993) . It is reported that SGLT-1 could be regulated by dietary saccharides (Miyamoto et al., 1993) and proteins (Gilbert et al., 2008) , but little is known about the regulation from dietary antinutritive factors. In this study, diets containing high phytate upregulated the mRNA concentrations of SGLT-1 in the duodenum, but this cannot explain the depression of phytate on blood glucose and final performance of birds, and the exact reason for this effect on the transcellular transport of glucose molecules should be investigated further. Theoretically, as with Na + K + -ATPase, in the scheme of SGLT-1, Na + is the primary solute transported and glucose is a cosolute. In the absence of Na + , glucose cannot be transported. The disequilibrium of intracellular Na homeostasis caused by phytate in the intestine (Cowieson et al., 2004) may interfere with the Na + :glucose stoichiometric ratio, Na pump activity, and glucose transport efficiency via repartitioning of Na for NaHCO 3 production. Indeed, Ravindran et al. (2008) demonstrated that much of the beneficial effect of phytase could be removed by the addition of greater concentrations of Na to the diet (in the form of NaH-CO 3 ). This, along with data presented herein, indicates that a Na matrix value for phytase may be justified as repartitioning of Na from pH balance functions to nutrient recovery should be captured in commercial feed formulation packages.
The investigation into the enzymatic activity at a molecular level showed both sucrase activity and sucraseisomaltase mRNA peaked in the jejunum of chickens in this study, which was consistent with the report of Leeper and Henning (1990) . However, the changes in the activity of membrane enzymes generated by dietary factors were not parallel to the mRNA expression of associated genes, indicating that dietary phytate may decrease the enzymatic activity through mechanisms of complex formation or inactivation rather than a quantitative change in secretion.
In summary, this study confirmed that phytate is capable of adversely modifying secretory and absorptive physiology in broiler chickens. The preponderance of data observed here indicates that dietary phytate is not only antinutritional but antiphysiological in the procurement of carbon and other nutrients for intensively farmed chickens. Importantly, the inclusion of phytase showed a pronounced effect on improving the activity of endogenous enzymes; thus, phytase may play a compensatory role in luminal and membrane digestion and recovery of nutrients. 
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